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since polymerization rate of the conducting polymers af- 
fects the polymer morphology. TM Actually, the polymeriza- 
tion current of c-PTE was found to be about one-fifth of 
t-PTE, again suggesting restricted polymerization kinetics 
in the polymerization of the cis-monomer. 
The longevity of e-PTE was also investigated under a 
constant current of 0.05 mA. As shown in Fig. 9, the cou- 
lombic efficiency was stable over I00 cycles, while the dis- 
charge capacity decreased after about i00 cycles. The 
origin of the limited longevity is not thought to be intrinsic, 
but extrinsic. That is, the polymer film may peel off from 
the ITO substrate during repetitive charge-discharge cy- 
cles. Since the volume of conducting polymers is known to 
change with doping and undoping, the volume change dur- 
ing the doping-undoping cycle is thought to be one of the 
causes of the peel off phenomenon. 2~ 
Summary 
1. Electrochemical characteristics of PTEs which were 
prepared from trans - and cis-monomers were investigate d 
in TBAFB/NB and LiBFJPC solution. 
2. Same doping-undoping potentials and electrochemi- 
cal reversibilities were observed in t-PTE and c-PTE. 
3. T-PTE and c-PTE showed excellent characteristics for 
use as electrode active materials in rechargeable batteries 
such as fairly stable charge-discharge potentials, nearly 
100% of coulombic efficiency, and capability for high rate 
charge-discharge cycles with relatively large charge-dis- 
charge current. 
4. Relatively high doping ratio was observed in the ni-  
trobenzene solution resulting in high discharge capacity of 
c-PTE. 
5. The higher doping ratio and, thus, higher discharge 
capacity in c-PTE compared to those in t-PTE was ob- 
served and was explained in term of the higher apparent 
diffusion coefficient of dopant ion (BF4) within c-PTE than 
t-PTE. 
Manuscript submitted Oct. 14, 1991; revised manuscript 
received July 29, 1992. 
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A Mathematical Model of a CuO/Cu Vaporvalt Cell 
Makoto Kawanami,* Trung V. Nguyen, **'~ and Ralph E. White** 
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843-3122 
ABSTRACT 
A new battery named "Vaporvolt ''b cell is in the early stage of its development. A mathematical model of a CuO/Cu 
Vaporvolt cell is presented that can be used to predict the potential and the transport behavior of the celt during discharge. 
A sensitivity analysis of the various transport  and electrokinetic parameters indicates which parameters have the most 
influence on the predicted energy and power density of the Vaporvolt cell. This information can be used to decide which 
parameters should be optimized or d-ete~nined more accurately through further modeling or experimental studies. The 
optimal thicknesses of electrodes and separator, the concentration of the electrolyte, and the current density are deter- 
mined by maximizing the power density. These parameter sensitivities and optimal design parameter values help in the 
development of a better CuO/Cu Vaporvolt cell. 
Batteries with higher energy and power densities have 
been desired for years. The traditional approach has been 
to employ more energetic reactions, which result in higher 
unit  cell voltage, to achieve higher power and energy densi- 
ties. 1-~3 Although both stored energy and power densities 
have increased by this approach, 14 specific stored energy 
and power densities are still relatively low. This is because 
of the additional weight required to contain these highly 
* Electrochemical Society Student Member. 
* * Electrochemical Society Active Member. 
a Present address: AT&T Bell Laboratories, Mesquite, TX 
75149. 
reactive materials and to maintain the mechanical strength 
of the battery. In addition, the energy densities of sec- 
ondary batteries are much lower than that of primary bat- 
teries. I~ Furthermore, there is a safety concern associated 
with using highly reactive chemicals such as l i thium and 
thionyl chloride. 16-1~ Another approach for achieving 
higher specific energy and power densities is to minimize 
unnecessary weight and volume in existing systems. 
Vaporvolt cells, which currently are being evaluated by 
Energy Innovations, Inc., for NASA as possible replace- 
ments for higher power density primary li thium batteries, 
use this approach. Weight and volume are minimized by 
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using thin laminations of metals and their oxides as the 
active materials of a battery? 9 Reaction rates at the elec- 
trode surfaces of these batteries are low, resulting in mini-  
mal stress on the electrodes. High currents are obtained by 
using the high area per volume characteristic of thin lami- 
nations. Desired voltage can be obtained by bipolar con- 
struction. Electrochemical conversion is accomplished by 
displacing oxygen from one metal to the other. There are no 
side reactions that complicate the process and make un-  
wanted by-products; and, in most cases, the energy conver- 
sion process is highly reversible. 
In designing high performance Vaporvolt cells, there are 
various attributes that can influence the system signifi- 
cantly. Such attributes might be the thicknesses of the elec- 
trodes and the separator, KOH concentration, and the cur- 
rent density. A sensitivity analysis is performed on various 
parameters to determine which parameters are most 
influential in increasing or decreasing the energy and 
power densities. This information can indicate the direc- 
tion one should take to design better Vaporvolt cells. The 
results of the sensitivity analysis also can suggest which 
parameters should be obtained with more accuracy 
through further modeling studies or experimentation. 
To achieve high performance in the Vaporvolt cell, vari- 
ous design parameters can be optimized so that the cell 
delivers the maximum attainable power density. The im- 
portant parameters in the Vaporvolt cell are the thick- 
nesses of the positive electrode (Lpos), negative electrode 
(Lneg) and separator (L~), the concentration of KOH (C~oH), 
and current density (i). The CuO/Cu system was selected in 
this investigation because the CuO/Cu Vaporvolt cells are 
the only successfully manufactured batteries at this time. 
By using a mathematical model of the CuO/Cu Vaporvolt 
cell, these parameters are investigated to determine if an 
optimal value exists for each parameter. The sensitivity of 
the model predictions to various parameters are then ex- 
amined followed by determination of the optimal design 
parameters to maximize the power density of the Vaporvolt 
cell. 
Model Development 
The reactions occurring in the CuO/Cu Vaporvolt cell 
during discharge are the reduction of CuO at the cathode 
(positive electrode) 
1 1 
Positive Electrode: CuO + ~ H20 + e- -+ ~ Cu20 + OH- [i] 
and the oxidation of copper at the anode (negative elec- 
trode) 
1 1 
Negative Electrode: Cu + OH- --> ~ Cu~O + ~ H20 + e- [2] 
The overall reaction is the production of Cu20 from CuO 
and Cu 
Total: CuO + Cu ---> Cu20 [3] 
Since the solubility of Cu20 in basic solution is very low, 
solid Cu20 is formed during discharge. The open-circuit 
voltage of a CuO/Cu Vaporvolt cell is 198 mV, based on the 
electrochemical data at 25~ 2~ This open-circuit voltage of 
CuO/Cu couple is not high. If we employ a system with 
higher open:circuit voltage, we can obtain higher energy 
and power density. However; the CuO/Cu couple is the only 
successfully manufactured Vaporvolt cell at this time. 
The objective of the present investigation is to develop a 
mathematical model that can be used to estimate the opti- 
mum values of transport  and electrokinetic parameters, 
and to predict the maximum attainable energy and power 
densities of a CuO/Cu Vaporvolt cell. 
The assumptions are as follows. 
i. A one-dimensional model can describe the behavior of 
the cell. 
2. Dilute solution theory 21 applies. To avoid the complex- 
ities associated with using concentrated solution theory, 
we decided to use dilute solution theory. If better predic- 
Positive Separator Negative 
Electrode Electrode 
x=O x = L  s 
Fig. 1. Schematic of a Vaporvolt cell. 
tion is needed we account for the species interactions by 
using diffusion coefficients that are obtained experimen- 
tally. Negligible interactions between the solutes are as- 
sumed. 
3. The Nernst-Einstein equation, D~ = u~RT,  which is im- 
plicit in the dilute solution theory, applies. 
4. The current density takes the form of the Butler- 
Volmer equation, which expresses the exponential depen- 
dence of the current on the overpotential. 
5. The physical, transport, and electrokinetic parameters 
are constant throughout the solution. 
6. The cell is isothermal. 
7. No homogeneous chemical reactions occur in the elec- 
trolyte. 
8. There is no electrolyte movement. 
9. The electrochemical reactions occur at the surface of 
the electrodes. 
A schematic of a CuO/Cu Vaporvolt cell is shown in 
Fig. 1. During discharge of a CuO/Cu Vaporvolt cell, hy- 
droxide ions are released from the positive electrode 
(Eq. 1), and consumed at the negative electrode (Eq. 2). 
Therefore, hydroxide ions must be transported in the elec- 
trolyte in the separator from the positive electrode to the 
negative electrode. Mass transport in this system is due to 
migration in an electric field and diffusion in a concentra- 
tion gradient. Therefore, the flux expression for each spe- 
cies i can be writ ten as 
N~ = -ziu~Fc~VcP - D1Vc~ [4] 
where the ionic mobility, ul, is assumed to be related to the 
diffusion coefficient D~ by the Nernst-Einstein equation 
D~ 
ui = R T  [5] 
The differential material balance equation for each species 
without homogeneous chemical reactions in the electrolyte 
is 
Dc~ 
= -V- N~ [8] 
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By combin ing  Eq. 4 and 6, we can obta in  the fo l lowing 
equa t ion  
~ci _ z :u:F(c iV~O + Vcl  9 Vtp) + D~V~ci [7] 
Ot 
Since  the ne t  charge  in the bulk  e lect rolyte  is zero, the 
equa t ion  of e lec t roneut ra l i ty  
z:c~ = 0 [8] 
i 
must  hold  in the electrolyte.  The flow of charge  is re la ted  to 
the current  densi ty  i in the solut ion 
i = F ~  ziN~ [9] 
{ 




1( = - ~  ~ zi~Dic: [111 
{ 
Equa t ions  7 and 10 for one spat ia l  coord ina te  reduce  to 
Eq.  12 and  13, respect ive ly  
~c: ~ {c  ~ O  3cl ~o) \  ~ c :  
0 ~  - = z i u i f  ~ f f  + ~X ~X ) + D : ~  [121 
Ox- K ~ z~u~-g~) [13] 
i 
There  are three unknowns  CK+, Corn, and ~, so we need three 
govern ing  equat ions .  Equa t i on  8 is used for cm, Eq.  12 is 
used for Co~-, and Eq. 13 is used for ~. 
The in i t ia l  and the bounda ry  condi t ions  for these de-  
penden t  var iables  are  as follows: at  t = 0, the  concen t ra t ion  
of the  species are  thei r  in i t ia l  va lues  
For  all  x at t -- 0 c~(t = 0, x)  = c~ ~ [14] 
since c ~ must  obey E: zic  ~ = O. 
At  x = 0, (positive e lec t rode  surface), the change in the 
concen t ra t ion  of OH- is re la ted  to the current  densi ty  since 
the n u m b e r  of OH- ions re leased at the  posi t ive  e lect rode 
surface  is p ropor t iona l  to the n u m b e r  of the electrons re-  
ceived at  the electrode,  tha t  is, cur ren t  densi ty  (Eq. 1) 
~CoH- i 
For  all  t, t > 0 8x ~=0 - n:F-DoH- [15] 
where  n: is the number  of e lect rons  t ransfe r red  in Eq. 1. 
At  x = L~ (negat ive e lect rode surface), the change in the 
concent ra t ion  of OH- also is re la ted  to the current  dens i ty  
(Eq. 2) 
C~Coa- i 
For  all  t, t > 0 Ox ~=L, - n~F-DoH- [16] 
where  n~ is the number  of e lectrons t ransfe r red  in Eq. 2. 
Since  we  cannot  measure  the  absolute  potent ia l ,  we need  
to fix a po ten t ia l  at x = 0 
Fo r  all  t at  x = 0 O(t, x = 0) = 0 [17] 
The re la t ion  be tween  the cur ren t  density, i, and  the  over-  
potent ia l ,  ~l, is expressed by the  But le r -Volmer  e lec t ro-  
chemica l  ra te  express ion 
9 o A *  [ [ I  [ a . F  \ {ci~m 
[181 
where  A * and A are  the act ive  surface  area of the e lect rode 
and the  geometr ic  surface  area of the  electrode,  respec-  
tively. Ac t ive  surface area  of the electrodes decreases wi th  
the  d ischarge  of the  cell  s ince Cu20, tha t  has  low electr ic  
conduct ivi ty ,  is fo rmed  on the e lectrodes  dur ing  discharge.  
The act ive  surface  area  of each e lect rode is assumed to 
change according  to the fo l lowing equa t ion  
d * = d  m m o [19] 
where  m is the amount  of act ive mater ia l  (CuO for posi t ive  
electrode,  Cu for nega t ive  electrode) in an electrode at t ime 
t, and  m ~ is the in i t ia l  amount  of act ive mater ia l  in the  
electrode,  m ~ is s imply  expressed by the fo l lowing equat ion  
m ~ = L i d  j [20] 
where  Lj is the  th ickness  of the  e lect rode and d~ is the  den-  
si ty of the electrode.  For  a cons tant  current  densi ty  dis- 
charge, m changes wi th  t ime accord ing  to fo l lowing equa-  
t ion 
m = m ~ - M i i t  [21] 
n j F  
where  Mj is a molecu la r  we igh t  of an electrode j. 
By combin ing  Eq. 18 th rough  21, we can obta in  the  fol-  
lowing  re la t ion  be tween  the current  densi ty  i and the over-  
po ten t ia l  rl 
{ : i ~ (1 M~M~-~ In (c~P~ exp { % F  \ 
- ~  \ ~ ]  exPt~1])] [22] 
Note  tha t  CuO, CufO, and Cu exis t  as solids because  of thei r  
low solubi l i ty  in a basic  solution, so the values  of (c]c[)  p~ 
and (c]c~) m for  CuO, Cu20, and Cu in Eq. 22 remain  con- 
Stant. In addit ion,  the anodic  and cathodic  t ransfer  
coefficients are assumed to sum to the n u m b e r  of electrons 
t ransfer red  (i.e., a ,  + ac = n~), and the reac t ion  order  
coefficients are  assumed to be  s imply re la ted  to sj 
p: = s~ q~ = 0 if sl > 0 
[23] 
Pi = 0 q~ : -s:  if s~ < 0 
And  the  e lect rode potent ia ls ,  Epo~ and E~eg, are expressed by 
Epo~ = Upo~ + O(t, x = 0) + Tlpo ~ [24] 
Eneg --- Yne  ~ + {~(t t  x = L s )  -i- ]lneg [ 2 5 ]  
where  Upo~ and U~og are the  open-c i rcu i t  po ten t ia l s  of the  
posi t ive  and negat ive  electrodes,  respect ively.  
The po ten t ia l  of a Vaporvol t  cell, E~d:, is the  dif ference 
be tween  the potent ia ls  of the posi t ive  e lect rode and the 
nega t ive  electrode.  By subt rac t ing  Eq. 25 f rom Eq. 24 
E c e  n = Epo  s - Eneg  
= Ur - O(t, x = L~) + llpo~ - ~t~g [26] 
Ucou = Upos- U, eg [27] 
where  Ucen is the open-c i rcu i t  po ten t ia l  of the  Vaporvol t  
cell. 
Note  tha t  an overpotent ia]  takes  a nega t ive  va lue  at the 
posi t ive  electrode,  and takes a posi t ive  va lue  at the nega-  
t ive electrode,  and (P(t, x = Ls) is a lways posi t ive  dur ing  
discharge because  negat ive ly  charged par t ic les  (OH-) must  
t ranspor t  f rom the posi t ive  electrode (x = 0) to the negat ive  
electrode (x = L~). Therefore,  the po ten t ia l  of a Vaporvol t  
cell, Ecen, is a lways smal ler  than  the open-c i rcu i t  po ten t ia l  
of the  Vaporvol t  cell, Utah. 
Equa t ions  4-13 represent  the basic governing  equat ions  
necessary to descr ibe  the  behav ior  in the  e lect rolyte  of a 
Vaporvol t  cell. These equat ions  are  solved numer ica l ly  by 
set t ing the  cell  cur ren t  density,  i, and  ca lcula t ing  the po-  
tent ia l  of the Vaporvol t  cell, Ecen, or  the power  density,  
P (=iEc~n). BAND(J) ,  a finite d i f ference numer ica l  t echn ique  
developed by Newman,  21 was used to solve the  equat ions .  
The mode l  pa ramete r s  associated wi th  these equa t ions  are  
shown in Table  I. 
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Table h Base case parameter values for the CuO/Cu 
Vaporvolt cell simulation. 
Structural parameters 
0.4 
Thickness of positive electrode (CuO) (Lpos) 0.00254 cm 
Thickness of negative electrode (Cu) (L,eg) 0.00254 cm 
Separator thickness (L~) 0.00254 cm 
Open-circuit potential (U0~ll) 198 mV 
Current density (i) 0.001 A/cm 2 ~" 
Anodic and cathodic exchange 0.001 A/cm 2 
current densities (i ~ r 
Anodic transfer coefficient for 0.5 
Cu oxidation (cr Cu) 
Cathodic transfer coefficient for 0.5 ~ 0.2 
o 
CuO reduction (~o,cuo) ;> 
Electrolyte concentration (CKoH) 8.3878M 
Initial K § concentration (c~=.) 8.3878M 
Initial OH- concentration (c~)  8.3878M 
Reference K § concentration (c~.) 1.0000M 
Reference OH- concentration (C~H-) 1.0000M 
Temperature (T) 298 K 
Table II. Comparison of performances of Vaporvolt 
cells with different separator thicknesses. 
Separator 
thickness 0.00254 cm 0.00508 cm 
Cell capacity 17.82711 C/cm 2 17.82711 C/cm 2 
Energy density 1.88573 Ws/cm 2 1.88569 Ws/crn 2 
Power density 0.10637 mW/cm 2 0.10636 mW/cm 2 
' ' ' ' I ' ' ' ' 
I 
0.3 mA/em 2-- 
0.5 mA/cm 2 -  
1.0 mA/cm 2-- 
2.0 mA/cm 2 
3.0 mA/cm 2-- 
4.0 mA/cm ~ -  
0.0 iooo.o 20o0.0 3ooo.o 
C a p a c i t y  k C / l  
D i s c h a r g e  o f  C u 0 / C u  c e l l s  
Fig. 2. Cell voltage vs. capacity delivered. 
Results and Discussion 
Al though  we assume tha t  the e lec t rochemica l  reac t ion  
occurs only at the surface of the act ive mater ia l ,  the  reac-  
t ion layer  moves  to the  inside of the act ive mate r ia l  as the 
cell discharges.  Therefore,  the  th ickness  of the mass t rans-  
por t  region of the cell  increases as the  cell  discharges.  To 
check the  va l id i ty  of this assumption,  the cell  per formances  
wi th  d i f ferent  separa to r  thicknesses  are p red ic ted  and 
compared.  First ,  the  cell  pe r fo rmance  is p red ic ted  wi th  the  
pa rame te r  values  l is ted in Table  I, and then, the thickness  
of the separa tor  is doubled,  and the cell  pe r fo rmance  is 
p red ic ted  again. The resul t  is shown in Table  II. The pre-  
dicted per formances  of Vaporvol t  cells wi th  di f ferent  sepa-  
ra to r  thicknesses  are a lmost  the same. This resul t  indicates  
that  the movemen t  of the react ion layer  in the cell has  l i t t le  
effect  on the pe r fo rmance  of the cell. Therefore,  the as- 
sumpt ion  tha t  the e lec t rochemica l  reac t ion  occurs only at 
the surface of the act ive  mate r ia l  is va l id  in this model.  
F igure  2 shows the cell vol tage  change dur ing  the dis-  
charge  with  the pa rame te r  values  l is ted in Table  I, at  var i -  
ous current  densities.  The cell  vol tage drops due to the in-  
creases in the overpotent ia ls  at the posi t ive  and the 
nega t ive  electrodes as we increase the  cur ren t  densi ty  dur-  
ing discharge.  Therefore,  the capaci ty  and the energy den-  
sity of the cell  decrease wi th  increas ing current  densi ty  of 
the cell dur ing  discharge,  as shown in Fig. 3 and 4. H o w -  
ever, the power  densi ty  of the Vaporvol t  cell  is not  a 
monotonic  funct ion  of the  current  density.  As shown in 
Fig. 5, the power  densi ty  of the cell first increases and then  
decreases as the current  densi ty  increases.  So there  exists a 
m a x i m u m  power  densi ty  va lue  at  a cur ren t  density. 
To de te rmine  the re la t ive  impor tance  of the design fea-  
ture of the  cel] (e.g., th ickness  of the electrode) and the 
t ranspor t  and kinet ic  pa ramete rs  on the Vaporvol t  cell 's  
per formance ,  a sensi t ivi ty  analysis was done. The sensi t iv-  
i ty analysis can indicate  which  paramete rs  have  the largest  
influence on the p red ic ted  pe r fo rmance  of the Vaporvol t  
cell. If a small  pe r tu rba t ion  in a pa rame te r  does not  change 
the p red ic ted  capac i ty  significantly,  energy densi ty  or the 
power  densi ty  of the Vaporvol t  cell, then  tha t  pa rame te r  
could assume a large range  of values,  all of which  give the 
same performance.  The sensi t ivi ty  coefficient  can be 
defined as the dimensionless  change in the pred ic ted  capac-  
ity, energy density, and the power  densi ty  of the  cell  for  a 
small  dimensionless  pe r tu rba t ion  in a pa rame te r  j, whi le  
hold ing  all other  pa ramete rs  constant  2~ 
~G/G 
Sensi t iv i ty  = ~Oj/0j [28] 
where  0j is the pa rame te r  and G is the capacity,  the energy 
density, or  the  power  densi ty  of the cell. Hence,  large sensi- 
t iv i ty  coefficients mean  tha t  the pa rame te r  of interes t  
s ignif icantly influences the cell performances .  If the sensi- 
t iv i ty  coefficients for a pa rame te r  is large, the pa rame te r  
should be obta ined  wi th  more accuracy  th rough  fu r ther  
mode l ing  or  exper imenta l  studies. That  is, if the  va lue  for a 
pa rame te r  is not  known accura te ly  and the pa rame te r  has 
3000.0 . . . .  ~ . . . .  ~ . . . .  , . . . .  i " ,  ' ' 
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Fig. 3. The effects of current density on capacity of Vaporvolt cells. 
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a large sensi t iv i ty  coefficient,  then  tha t  pa rame te r  va lue  
should be ascer ta ined  more  accura te ly  to ga in  confidence in 
the mode l  predict ions.  
All  sensi t iv i ty  coefficients ca lcu la ted  for this work  were  
accompl i shed  by increas ing  the va lue  of the p a r a m e t e r  o~ 
in teres t  by 5% and ca lcu la t ing  the resul t ing  change in the 
capaci ty ,  energy density, and p o w e r  densi ty  of the cell. Fo r  
example ,  to get  the sensi t ivi ty  coefficient  for the cell  capac-  
i ty on the  separa to r  thickness  w h e n  the  separa to r  is 0.1 em, 
the  capac i ty  was  ca lcu la ted  at 0.I cm and 0.105 cm and the  
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sensi t ivi ty  coefficients for var ious  paramete rs  are shown in 
Fig. 6 th rough 10. As shown in Fig. 6, the  mode l  predic t ions  
are most  sensi t ive to the current  density. 
The mode l  predic t ions  show l i t t le  sensi t ivi ty  to smal l  
pe r tu rba t ions  in the K O H  concent ra t ion  as shown in Fig  7. 
Th~s is because  the IR drop due to the res is tance of the 
e lect rolyte  is negl ig ible  since the thickness  of the separa to r  
is very  small.  The concent ra t ion  of K O H  in this reg ion  has 
very  small  effects  on the capaci ty,  energy density, and 
power  densi ty  of the cell. 
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Fig. 5. The e f f ~  ~ current densi~ on power densi~ ~ ~ p o ~ o l t  
cells. 
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tion of KOH. 
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The effects of the Vaporvolt cell separator thickness on 
the predicted performance are shown in Fig. 8. The sensi- 
tivity coefficients for the capacity, energy density, and 
power density of the cell decrease similarly and monotoni- 
cally with the increase in separator thickness. Therefore, 
the separator should be as thin as possible. However, to 
avoid shortening the cell, the thickness of the separator 
should be about 0.001 era. 
Figures 9 and i0 show the effects of Vaporvolt cell posi- 
tive and negative electrode thickness on predicted perfor- 
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Fig. 9. Sensitivity of model predictions to changes in the thickness 
of the positive electrode. 
mances .  The  capac i ty  a n d  the  energy  dens i ty  of the  V a p o r -  
vo l t  cell i nc rease  as we inc rease  the  e lec t rode  th i cknesses  
up  to 0.002 em since t he  sens i t iv i ty  coeff icients  for  the  ca-  
pac i ty  a n d  t he  ene rgy  dens i ty  a re  pos i t ive  in  th i s  region,  
b u t  the  capac i t y  a n d  the  energy  dens i ty  dec rease  as we 
increase  the  e lec t rode  t h i cknes se s  when  the  t h i cknes se s  a re  
above  0.002 cm. Therefore ,  the  capac i ty  a n d  energy  dens i ty  
b e c o m e  t h e i r  m a x i m u m  w h e n  e lec t rode  t h i cknes se s  are  
a b o u t  0.002 em. The  sens i t iv i ty  coeff icient  for  the  p o w e r  
dens i ty  of the  cell is a lways  nega t ive ,  as s h o w n  in  Fig. 9 a n d  
10, so a sma l l  e lec t rode  t h i cknes s  is f a v o r a b l e  to get  a l a rge r  
p o w e r  densi ty .  However ;  e m p l o y i n g  e lec t rodes  t h a t  are  tess 
t h a n  0.001 cm eould  r e su l t  in  s h o r t e n i n g  the  cell. A t h i c k -  
ness  of 0.001 cm is f avo rab l e  for  the  pos i t ive  a n d  nega t i ve  
e lec t rodes  of a V a p o r v o l t  cell  to o b t a i n  m a x i m u m  p o w e r  
densi ty .  
The  m a x i m u m  p o w e r  dens i ty  is o b t a i n e d  w i t h  a c u r r e n t  
dens i ty  of 2.5 m A / c m  2 a n d  0.001 cm as the  va lue  for  the  
t h i cknes s  of the  separa to r ,  a n d  the  pos i t ive  a n d  nega t i ve  
e lec t rodes .  As s h o w n  in  Tab le  III, t he  m a x i m u m  p o w e r  d e n -  
s i ty  o b t a i n e d  is 45.1 W/I;  the  capac i ty  Js 1768 kC/1 a n d  the  
Table III. Result of optimization. 
Starting values Optimized values 
Current density = 0.001 A/era 2 Current density = 0.0025 A/era 2 
Cell capacity = 2336 kCA Cell capacity = 1768 kC/1 
Energy density = 69.1 Wh/1 Energy density = 26.5 Wh/1 
Power density = 14.0 W/] Power density = 45.1 W/1 
Table IV. Comparison of the cell performances. 
CuO/Cu 
Vaporvolt Li/SOC12 Li/Mn02 
Power density, W/1 45.1 80 a 15 a 
Energy density, Wh/1 26.5 150 a 50 a 
Unit cell open-circuit 0.198 3.67 a 3.5 ~ 
voltage, V 
These values are taken from Ref. 14. 
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Fig. 1 I. The effects of current density on power density of the cell 
when thickness of the electrodes and of the separator are optimized. 
energy density is 26.5 Wh/1 at these parameter values. 
These values are lower than that of the high energy density 
primary cells, such as Li/SOC12 cells, which highest power 
density is approximately 80 W/1 and its energy density is 
about 150 Wh/1 when the highest power density is ob- 
tained, ~4 however; the maximum attainable power density 
of a CuO/Cu Vaporvolt cell is much higher than that of 
Li/CF~ or L i /MnQ cells, which highest power density is 
approximately 15 W/] and the energy density is about 
50 Wh/1 when the highest power density is obtained. This is 
summarized in Table IV. If stable electrodes with thick- 
nesses less than 0.0Ol cm without the possibility of short- 
ening the cell could be developed in the future, much larger 
power densities could be obtained. For example, if we can 
make electrodes and separators with thicknesses of 
0.0005 cm, the maximum power density is 90.3 W/l, as 
shown in Fig. 11, and the capacity and the energy density 
are 1768 kC/1 and 26.5 Wh/1, respectively. 
Summary 
A mathematical model of a CuO/Cu Vaporvolt cell is pre- 
sented to predict the potential and transport behavior of 
the cell during discharge. A sensitivity analysis of a CuO/ 
Cu Vapory9 cell mode] indicates that several parameters 
can influence the performance of the system significantly. 
In particular, current density influences the performance 
significantly. The effects of various design parameters have 
been investigated to determine if optimal values exist for 
the parameters. The model has shown that the thicknesses 
of the electrodes and separator, and current density can be 
optimized to give the maximum attainable power density. 
The model has also shown that greater power density can 
be achieved with thinner  electrodes and separators. 
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LIST OF SYMBOLS 
A* active surface area of the electrode, cm ~ 
A surface area of the electrode, cm 2 
ci concentration of species i, tool/era "~ 
c ~ initial concentration of species i, mol/cm 3 
c~ reference concentration of species i, mol/cm 3 
DI diffusion coefficient for species i, cm2/s 
d~ density of electrode j, g/cm 3 
E electrode potential, V 
F Faraday's constant, 96,487 C/mol 
G capacity, energy density, or ~ower density 
i current density vector. A/cm ~ 
i current density, A/cm ~ 
i ~ exchange current density, A/cm ~ 
L thickness, cm 
Mj molecular weight of electrode j, g/tool 
m amount of active material at time t, g/cm 2 
m o initial  amount of active material, g/cm 2 
nj number  of electrons transferred in reaction j 
N~ flux vector of species i, mol/(cm2-s) 
P power density, W/1 
p~ an9 reaction order for species i 
ql cathodic reaction order for species i 
R gas constant, 8.3143 J/(mol-K) or 82.057 cm ~ atm/ 
(moNK) 
R~ production rate of species i, mol/(cmKs) 
s~ stoiehiometrie coefficient of species i 
T temperature, K 
U open-circuit potential, V 
uj mobility of species i, mol-cm2/(J-s) 
v electrolyte velocity vector, cm/s 
zi charge number  of species i 
Greek symbols 
a~ anodic transfer coefficient 
ac cathodic transfer coefficient 
~c conductivity of a solution, S/cm 
rl overpotential, V 
q~ solution phase potential, V 
0j parameter j 
Superscripts and subscripts 
a anode 
c cathode 
i species i 
j reaction j or electrode j 
neg negative electrode 
pos positive electrode 
r reference condition 
s separator layer 
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Investigation of Photocatalytic Decomposition Mechanism of 
Organic Compounds on Platinized Semiconductor Catalyst by 
Rotating Ring Disk Electrode Technique 
Gyoichi Nagami 
Department of Electrical Engineering, Kyushu Institute of Technology, Tobata-ku, Kitakyushu 804, Japan 
ABSTRACT 
Rotating Pt-r ing TiO2-disk electrodes were used to investigate the catalytic mechanism of Pt sites in platinized 
semiconductor catalysts. When a TiO2 disk electrode immersed in a methanol-water mixture was il luminated with chopped 
light, an anodic current was observed at the Pt ring electrode even at cathodic potentials at which reduction (cathodic) 
current was expected to flow. This peculiar phenomenon was enhanced by oxygen bubbling and could be observed onIy in 
solutions with pH < 8. The phenomenon was analyzed in terms of a HO; radical which can promote a deprotonation reaction 
of organic compounds such as methanol  The decomposition (oxidation) of organic compounds also can occur at Pt sites in 
the presence of oxygen and hydrogen ions. 
Semiconductor photocatalysts are theoretically and 
practically important in using solar energy to synthesize 
new chemical products and fuels from chemical materials 
and/or biomass. T M  Platinized t i tanium dioxide powder 
was applied successfully to photoelectrosynthesize ethane 
from acetate ions (the photo-Kolbe reaction) 3 and amino 
acids from a methane-ammonia-water  mixture. 5 
Photoeatalytie production of hydrogen from various 
biomass sources such as wood, cotton, etc., also has been 
demonstrated over Pt-TiO2/water suspensions] '13-1~ 
The following experimental results are well known: (i) 
the deposition of plat inum on a semiconductor greatly en- 
hances its catalytic activity. 4'a'1~ Plat inum promotes elec- 
tron transfer from the semiconductor to redox species in 
solution and then reduces the possibility of recombination 
between electrons and holes; (if) the catalytic decomposi- 
tion of organic compounds simultaneously with photosyn- 
thetic hydrogen evolution requires the presence of water. 2 
A hydroxyl radical, the product of water oxidation, may be 
an intermediate which plays the decisive role in the photo- 
synthetic activity of the system; 1'2 (iii) the decomposition 
rate of organic compounds by photoeatalysts is greatly en- 
hanced when oxygen is bubbled into the organic-water 
mixture. 8,, 9 
However, due to the fundamental  disadvantage of the 
catalytic particulate system in which oxidation and reduc- 
tion sites cannot be separated spatially from each other, 
the detailed mechanism of photodeeomposition remains 
unknown. 
Macroeleetrode systems have the advantage of allowing 
spaeial separation of the anodic and cathodic reaction 
sites. 2~ Moreover, if a rotating plat inum-ring TiO2-disk 
electrode (RRDE) is used, kinetic parameters and the de- 
tailed mechanism associated with electrode processes may 
be clarified because of this electrode's hydrodynamics. 
To elucidate the decomposition mechanism of organic 
compounds, we have found a phenomenon where the net 
ring current responding to the disk current is anodie in 
methanol-containing solutions even when the Pt ring is ca- 
thodically biased. 
Experimental 
The system used was the same as described elsewhere. 24 
A c-cut wafer of a single crystal TiO2 purchased from Furu-  
uehi Chemical Co., was used to prepare the TiO2 disks. 
Sample preparation conditions were reported previously. 22 
A disk electrode with a diameter of 0.6 cm, and a Pt ring 
electrode with an inner diameter of 0.7 cm and an outer 
diameter of 0.92 em were used. The calculated collection 
efficiency No was 0.39. The doping concentrations of the 
TiO2 disks estimated from the Mott-Schottky plots at i kHz 
ranged from 1 x 1017 - 5 x 1017 cm -a. The supporting elec- 
trolyte was 0.1M Na~SO4. The pH was adjusted in individ- 
ual experiments by adding H2SO4 or NaOH. The solutions 
were purged with nitrogen for at least 10 min before each 
measurement. 
Results 
Figure 1 shows typical current-potential  curves under 
chopped light i l lumination, with and without CHjOH at a 
chopping frequency of ca. 0.25 Hz. The measured pHs were 
3.01 and 3.45, respectively. Before addition of CHjOH, the 
light intensity was adjusted to give a disk current of 500 gA 
at 1.0 V vs. SCE. This current is due to the oxidation of 
water. Thirty volume percent (v/o) CHjOH was added with- 
out changing other experimental conditions. The anodic 
disk current increased from 500 gA when methanol was 
added because methanol is a "current-doubling" agent. In 
Fig. 1, ID increased from 500 to 640 gA. The increment of 
disk current due to the current-doubling effect of methanol 
depended on the past history of the TiO~ disk used. In both 
solutions, the disk current I ,  was slightly anodie with the 
light off in a potential range from 0 to 1.0 V vs. SCE. For 
example, the dark disk current was about 5 gA at 1.0 V vs. 
SCE. The ring current was recorded as a function of ring 
potential. As apparent from the upper part in Fig. 1, a 
plateau region could be observed near -1.0 V vs. SCE for 
both solutions. The potential region where this current is 
observed indicates that this plateau can be attributed to 
oxygen and hydrogen ion reduction. ~4 In addition, the ring 
current at the plateau increases when additional hydrogen 
ions are supplied from the disk due to deprotonation reac- 
tion at the i l luminated T i Q  disk: (2H20 + 4H § (VB) --+ 02 + 
4H+), although this is not shown in Fig. 1. The lifetime of 
hydrogen ions thus formed is expected to be relatively long 
in acidic and neutral  solutions and can be detected at the 
ring electrode. 24 On the contrary, it cannot be detected in 
basic solutions due to rapid recombination with OH- (H + + 
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